A low-frequency resistance noise study in highly underdoped thick films of La2−xSrxCuO4 (x = 0.07 and 0.08) reveals slow, correlated dynamics and breaking of ergodicity near the superconducting transition of the Berezinskii-Kosterlitz-Thouless type. The observed correlated behavior is strongly suppressed by disorder.
I. INTRODUCTION
The dynamics of topological defects has been of great interest in condensed matter physics [1] and beyond [2] . Physical realizations include various two-dimensional (2D) systems, such as superfluid helium films [3] , liquid crystals [4] , superconducting (SC) films and Josephsonjunction arrays [5] , magnetic films [6] , and ultracold atoms [7] . Such 2D systems exhibit a phase transition at a critical temperature T BKT = 0, driven by the Berezinskii-Kosterlitz-Thouless (BKT) mechanism [8] [9] [10] . In this picture, logarithmically interacting topological defects are bound in vortex-antivortex (V-AV) pairs in the low-T phase, while in the high-T phase defects unbind and single-vortex excitations proliferate. Despite several decades of intensive research on this class of topological phase transitions [11] , experiments on the dynamics near the BKT transition remain scarce, even for the 2D SC transition, likely the most studied example of the BKT physics. Meanwhile, theoretical studies have revealed the ergodicity breaking [12] and the onset of out-of-equilibrium dynamics near T BKT [13] . However, except for a recent study of thin films of NbN [14] , there have been no attempts, to the best of our knowledge, to probe the correlations in the BKT critical regime and the low-T phase. Furthermore, studies of the BKT physics in thin films of conventional superconductors, such as NbN, are complicated by the still not-well-understood relationship between film thickness, disorder, and superconductivity [15] . Hence, alternative approaches are needed to explore correlations near the BKT transition.
Layered superconductors with weak interlayer Josephson coupling, such as underdoped cuprates, present an alternative route for the exploration of the BKT behavior [16] [17] [18] [19] [20] . We report a study of the dynamics near the SC, BKT-like transition, in which a) measurements are performed on highly underdoped, atomically smooth thick films of La 2−x Sr x CuO 4 (LSCO), a prototypical cuprate, and b) resistance (R) noise spectroscopy, a relatively uncommon technique, is used to probe the dynamics on orders-of-magnitude longer time scales than those explored previously in other systems near the BKT transition. In addition to the critical slowing down consistent with the BKT physics, we find evidence for the onset of correlated dynamics and breaking of ergodicity. Further-more, the correlated behavior is strongly suppressed by disorder.
While 2D systems cannot have a true long-range order, the BKT theory [8] [9] [10] shows that they may develop a quasi-long-range order at low T , such that the spatial correlations decay in a power-law fashion. Therefore, the entire low-T (T < T BKT ) phase appears to be scale invariant or critical. The system is characterized by a finite superfluid stiffness J s , as topological excitations are bound in V-AV pairs. At T = T BKT , thermal unbinding of V-AV pairs leads to a discontinuous drop of J s , the key signature of the BKT physics. On the other hand, in the disordered (T > T BKT ) phase, the spatial correlations decay exponentially with distance. As T → T + BKT , the correlation length ξ diverges exponentially, and so does the corresponding time scale τ ξ ∼ ξ z (z = 2 is the dynamical exponent), signifying critical slowing down in analogy with other phase transitions. ξ corresponds to the average separation between free vortices [ξ 2 (T ) ∼ 1/n F ; n F is the inverse density of free vortices above T BKT ], leading to R ∼ ξ −2 . However, in addition to free vortices, bound V-AV pairs with sizes smaller than ξ still remain, and the system retains a superfluid stiffness on short length scales. Therefore, at T > T BKT , the correlations that persist on short enough length and time (t) scales can be probed using finite-frequency (f ) measurements.
Finite-f probes, which have generally involved measurements of the complex impedance and magnetic flux noise, have provided evidence for critical slowing down near T BKT (e.g. Refs. [21] and [22] , respectively), but not for correlations. Also, in complex impedance studies, disorder-induced inhomogeneity may lead to spurious effects at low f [23] , and magnetic flux noise is more susceptible to surface [24] and geometrical [25] effects. In contrast, R noise has been a powerful probe of correlated dynamics in many systems [26] [27] [28] [29] [30] , including lightly doped, insulating LSCO [31, 32] . Being a bulk probe, it is less sensitive to surface and geometrical effects, and it measures R directly. Near the BKT transition, however, it has been used to study correlations only in disordered thin (∼ 3-6 nm) films of NbN [14] , in which classical percolation or disorder was found to be also important. Therefore, a careful study of R noise on a drastically different system is crucially needed to reveal the intrinsic, material-independent dynamics of the BKT transition.
In contrast to conventional isotropic superconductors, such as NbN [33] and TiN [34] , in which BKT physics can be observed only in ultrathin films, in bulk layered systems the relevant natural scale for 2D physics is the interlayer distance d c , not the film thickness d [16] . For weak interlayer Josephson coupling, as in underdoped cuprates [17] , the SC transition is still driven by the unbinding of V-AV pairs in each plane, in analogy with the purely 2D case [19, [35] [36] [37] [38] [39] . When the vortex-core energy µ is large, the BKT transition is moved to a T higher than the one expected for each isolated layer, resulting in an effective sample thickness larger than d c [19] . Indeed, a recent study of highly underdoped, 150 CuO 2 layers thick (d c = 6.6Å; d ≈ 100 nm) films of LSCO found [20] the BKT-like transition controlled by J s of 2-3 layers, and a large µ/µ XY ≈ 1.4 (µ XY is the value expected in the standard 2D XY model [5, 10] ), in contrast to BCS superconductors in which µ/µ XY ≃ 0.2 [33, 40] . While the BKT physics is relevant below the mean-field critical temperature T c , an extended regime of 2D Aslamazov-Larkin-type [41] [42] [43] Gaussian SC (amplitude and phase) fluctuations was observed above T c [20] .
II. EXPERIMENT
We report the in-plane R noise measurements on samples with an eight-contact bridge geometry ( Fig. 1 inset) that were patterned on the same molecular-beamepitaxy-grown LSCO films with x = 0.07 and 0.08 used in the dc transport study [20] . The samples become SC below T BKT = (3.5 ± 0.3) K and (9.1 ± 0.5) K, respectively ( Fig. 1) , where T BKT is identified as the temperature at which R = 0, consistent with the analysis in Ref. 20 . Indeed, these values are, within error, the same as those obtained on the adjacent Hall-bar samples studied in Ref. 20 . Therefore, the values of T c are also expected to be comparable, i.e. T c ∼ 6.5 K and ∼ 11.3 K for x = 0.07 and 0.08, respectively.
The time-averaged resistance R and the resistance fluctuations ∆R(t) = R(t) − R were measured simultaneously [45, 46] using a standard ac (∼ 13 Hz) technique ( Fig. 1 inset) . Resistance fluctuations in the sample throw the bridge out of balance, resulting in voltage fluctuations V (t) measured across the bridge. The sample bridge geometry minimizes the effects of T fluctuations, contact noise, and excitation source fluctuations [47] [48] [49] [50] , as confirmed by the negligible correlations between the measured I and V fluctuations. Likewise, great care was taken to ensure the measured noise was free from T fluctuations (≤ 1 mK) even for measurements as long as 10 hours. Most of the data were obtained in the f = (10 −4 − 10 −1 ) Hz bandwidth, much lower than that in the magnetic flux noise studies [e.g. (10 −1 − 10 4 ) Hz in Refs. 22 and 44] or (10 −1 − 10) Hz in the R noise study in NbN [14] . The ability to obtain high-quality data at extremely low frequencies (long time scales) not only allows probing of the critical regime very close to T BKT , where τ ξ diverges, but also enables the extraction of reliable higher-order statistics, which provides information about correlations.
III. RESULTS AND DISCUSSION
A. Resistance noise Figure 2 (a) shows the typical time traces of the relative changes in resistance ∆R(t)/R, or noise, at various T for the x = 0.08 film. As T approaches T BKT , the noise increases, and the system exhibits random fluctuations on many time scales, from rapid switching to slow changes over several hours. Indeed, the corresponding power spectra (i.e. the Fourier transforms of a temporal autocorrelation function [51] [52] [53] 
reflecting a wide distribution of relaxation times. In order to compare the noise magnitudes under different conditions, S R (f = 10 mHz)/R 2 is taken as the measure of noise, and its dependence on T is shown in Fig. 2(c) . It is striking that, as T decreases from ∼ 15 K by only a few K, the noise increases by six orders of magnitude. At the same time, α begins rising from ∼ 1.0 before saturating at ∼ 1.4 at T 12 K [ Fig. 2(d) ]. This shift of the spectral weight towards lower f indicates a dramatic slowing down of the dynamics as T → T + BKT . The large values of α at low T also reflect the non-Gaussianity of the noise, which is apparent already from the raw data [ Fig. 2(a) ]. Indeed, the analysis of the histograms or the probability density function (PDF) of the fluctuations reveals that the noise is Gaussian at T 12 K, but at lower T , the PDF acquires a non-Gaussian, complex, multipeaked structure [ Fig. 2(e) ]. Most of the peaks result from the switching events observed in ∆R(t)/R [ Fig. 2(a) ], and the precise shape of the PDF obviously depends on the observation time.
These results indicate that very few states contribute to R even for measurements as long as 10 hours [ Fig. 2(e) ] and that different states contribute to R as a function of time. Therefore, the system is nonergodic on experimental time scales [54] . Similar out-of-equilibrium behavior was found in spin [26] and Coulomb glasses [28] [29] [30] [31] [32] , systems that wander collectively, with time, between many metastable states. We note that here the observed change in the dynamics occurs near T c , i.e. as the system crosses over from the high-T regime of Aslamazov-Larkin Gaussian SC fluctuations to the BKT regime at lower T [20] .
B. Higher-order statistics
The second spectrum S 2 (f 2 , f ) [53] , a fourth-order statistic, is used to distinguish between a small number of independent single-rate processes with a distribution of rates, which may also give rise to high values of α [52, 53] , and correlated dynamics. S 2 (f 2 , f ), which is the power spectrum of the fluctuations of S R (f )/R 2 with t, is white (independent of f 2 ) for independent fluctuators (Gaussian noise), and S 2 (f 2 , f ) ∝ 1/f 1−β 2 for interacting ones [26, 52, 53, [55] [56] [57] .
S 2 was calculated for a few octaves f = (f L , 2f L ) at each T [e.g. Fig. 3(a) ]. The results [ Fig. 3(b) ] show clearly an increase of (1 − β) from ≈ 0 at T 12 K to nonwhite values at lower T , and a saturation at ∼ 0.5 for T 11.6 K (∼ T c ). The onset of correlated dynamics as T is reduced suggests that the probed time scales become shorter than τ ξ , i.e. probed length scales shorter than ξ. Thus, the system appears to be critical.
In order to explore the dynamics in the critical regime further, we compare S 2 (f 2 , f ) for different f . In Fig. 3(c) , S 2 (f 2 , f ) are plotted vs f 2 /f , since spectra taken over a fixed time interval average the high-frequency data more than the low-frequency data. In the studies of glasses, it was argued [26, 55] , albeit not calculated theoretically, that such S 2 (f 2 , f ) should be scale invariant, or independent of f , in models in which the system wanders collectively between many metastable states related by a kinetic hierarchy. Such scale-free behavior was indeed observed in metallic spin glasses [26, 55] and Coulomb glasses [27] [28] [29] [30] , both systems with long-range interactions. In contrast, a decrease of S 2 (f 2 , f ) with f at constant f 2 /f , similar to that in Fig. 3(c) , was found in insulating LSCO [31, 32] , in the presence of an additional, effective short-range interaction. In the study of glasses, such a decrease was proposed [26, 55] to be a feature of interacting droplet models [58, 59] . However, it is not obvious that any such considerations would be applicable to the BKT critical regime, for which further theoretical work is clearly needed. Nevertheless, an interesting question is whether the behavior found in Fig. 3(c) might reflect the presence of some other characteristic length scale, perhaps related to the inhomogeneity.
C. Effects of disorder
The previous study [20] showed that these films are fairly clean, with a small degree of inhomogeneity leading to a larger smearing of the universal jump of J s for x = 0.07 than for x = 0.08. In particular, by performing a quantitative comparison of the data with theory, it was established that the width of the distribution of local J s values with respect to the most probable value, i.e., a measure of inhomogeneity, was ten times larger for x = 0.07 than for the x = 0.08 film (0.1 and 0.01, respectively) [20] . In addition, a larger normal-state resistivity or high-T R /layer of the x = 0.07 film (Fig. 1) indicates that it is more disordered than the x = 0.08 sample. For x = 0.07, which is on the verge of a transition to an insulating state at lower x [60] , R /layer h/e 2 or k F l 1 (k F , Fermi wave vector; l, mean-free path).
The R noise study reveals, however, that the onset of non-Gaussian noise is suppressed in the more disordered x = 0.07 sample. Indeed, α rises from ∼ 1.0 to ∼ 1.5 as T → T + BKT also for x = 0.07 [ Fig. 4(a) ], but in contrast to the x = 0.08 film, the rise in α is observed only below T ≃ 4.5 K ≪ T c , with no visible saturation in the experimental T range. Furthermore, the analysis of the second spectrum reveals that (1 − β) becomes non-zero also below T ∼ 4.5 K ≪ T c , with an apparent saturation at T < 4 K [ Fig. 4(b) ]. Therefore, for x = 0.07, correlated dynamics is observed only at T ≪ T c , in contrast to T T c for x = 0.08. The observed trend is precisely the opposite of what would be expected if the non-Gaussian noise was caused by disorder, and indicates that another mechanism, related to phase fluctuations, is responsible for the correlated behavior of the noise. The above conclusion is further supported by comparing the noise magnitudes vs R/R N for the two samples (R N is the normal state resistance) [ Fig. 5(a) ]. For both samples, Fig. 5(a) ], such that s = 2 in the regime of correlated dynamics. On the other hand, s ≈ 1.31 for x = 0.07 at T < T c , but above the correlated regime. A power-law dependence of the noise magnitude on R above the SC transition was found also in films of other cuprates [61] , but at a much higher doping and in the absence of the BKT regime. The exponent s = 1.54 was attributed to percolation [61, 62] , and so was s ∼ 1 found in NbN films above the BKT transition [14] . Hence, the very different value of s found in the regime of correlated noise in Fig. 5(a) is consistent with the conclusion that it is not caused by disorder. In fact, since the power spectrum S R (f ) of resistance fluctuations ∆R(t) does not depend on T in the correlated regime [ Fig. 5(b) ], then S R (f )/R 2 ∝ R −2 , i.e. s = 2. Furthermore, the huge increase of the noise magnitude S R (f )/R 2 as T → T BKT [Fig. 2(c) ] is then due to the exponential decrease of R(T ) [20] , i.e. the exponential divergence of ξ(T ).
We note that also the T dependence of the correlated noise, shown in Figs. 5(b) and 2(c), is different from that in ultrathin NbN films above the BKT transition [14] .
In fact, even the exponent α 1.5 [Figs. 2(d) and 4(a)] is quite different from the uncommonly large [26, 52, 53] α ∼ 2 − 4 in NbN [14] , consistent with our conclusion that the correlated noise in LSCO reflects the intrinsic BKT dynamics. For completeness, we also note that T dependence of the correlated noise in x = 0.08 and x = 0.07 LSCO [Figs. 5(b) and 2(c)] is different from that above the insulating ground state in lightly doped (x = 0.03) LSCO [31, 32] .
Outside of the correlated regime, S R (f ) does depend on T in both films [ Fig. 5(b) ]. In particular, for T > T c , S R (f ) decreases with increasing T in both samples, but understanding of this regime is beyond the scope of this work. Likewise, for x = 0.07 at T < T c above the correlated regime, the T dependence of S R (f ) and the rather different value of s could be related to disorder, but a detailed investigation of the effects of disorder on the BKT regime will be needed to understand this behavior.
IV. CONCLUSIONS
We have combined low-frequency resistance noise spectroscopy, an uncommon but powerful technique, with unconventional superconductors to probe the correlated dynamics near a BKT transition. Several different noise statistics have been analyzed, from the full probability distribution of the fluctuations to the first spectrum (a second-order statistic) and second spectrum (a fourthorder statistic). The results, which were obtained in highly underdoped thick films of La 2−x Sr x CuO 4 , demon-strate slowing down of the dynamics resulting from the exponential divergence of ξ near a BKT transition. In the same regime, where phase fluctuations dominate, we find that the dynamics is correlated and nonergodic, strongly suggesting that the experiment probes the low-T critical phase. Furthermore, we have established detailed properties of the noise [e.g. Figs. 2(d) and 3(c)], which are important for developing proper theoretical understanding of the dynamics near the BKT transition. Finally, we have determined that the correlated dynamics in LSCO is suppressed by disorder. Indeed, several noise characteristics exhibit qualitatively different behavior in LSCO than in NbN, in which disorder was found to have a key effect on the noise properties even in the correlated regime [14] .
It is interesting to speculate whether the correlated dynamics observed in LSCO reflects the ergodicity-breaking character of the BKT transition [12] , or it might be related to the falling out of equilibrium upon cooling to near T BKT [13] . Our work offers new insights into the dynamics of topological defects across thermal phase transitions, but further experimental and theoretical studies are needed to determine whether the observed features are common to other layered superconductors and to enable a more direct comparison to theory.
